Cell-free synthesis of citrus exocortis viroid (CEV) in nuclei-rich preparations from infected Gynura aurantiaca was optimum at 18-240C. Incubation of reaction mixtures at higher temperatures (30-360C) resulted in an increase of CEV linear molecules and the recovery of incomplete or nicked newly synthesized RNA species. Although the Mg2+ optimum (2.5-5 mM) for CEV synthesis was lower than that for total [32P]CMP incorporation (10 mM), the response to Mn21 ion was distinctly different. Whereas maximum total activity was observed in 1 mM Mn2+ with a pronounced reduction (80%) in 5 mM Mn2 , CEV synthesis was maintained in 1-15 mM Mn2 . Inhibition of a-amanitin-sensitive CEV synthesis in 200 mM (NH4)2SO4 resembles the reaction of RNA polymerase II on a free nucleic acid template. However, detection of trace levels of ea-amanitin-resistant CEV synthesis activity inhibited by low (NH4)2SO4 concentrations (25 mM) suggests the possible involvement of RNA polymerase I-and/or HI-like activity.
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Synthesis of the citrus exocortis viroid (CEV) in nuclei-rich cell-free preparations of Gynura aurantiaca (1) has previously been shown to be sensitive to concentrations of a-amanitin inhibitory to DNA-directed RNA polymerase II. Recently, however, the localization of viroid RNA with nucleolirich preparations (2) and the discovery of sequences in viroids homologous to major portions of a promoter sequence for a mouse rRNA gene (3) have suggested the possible involvement of a DNA-directed RNA polymerase I in viroid replication.
Resolution of the details involved in viroid replication is well served by the nuclei-rich cell-free system. That purified RNA polymerase II is capable of synthesizing viroid-complementary molecules when supplied with a viroid RNA template has been verified in vitro (4) . However, the lack of specificity of in vitro replication systems (5) has also been evidenced by the competence of both plant RNA-directed RNA polymerase (6) and bacteriophage Qf8 replicase (7) in transcription of viroid RNA sequences. Although the nucleirich cell-free system, similar to most nuclei or chromatin systems, probably only completes RNA molecules initiated prior to extraction, these systems offer the advantage of permeability to exogenously applied cofactors and inhibitors. In addition, a more native form of replicating complex than available in purified viroid-enzyme systems is probably retained.
In this report, we describe conditions of the cell-free nuclei-rich system optimal for CEV synthesis. We also present data on effects of ionic strength and metal ion concentrations as well as on a-amanitin sensitivity to better define the nature of the RNA polymerase activity functioning in viroid replication.
MATERIALS AND METHODS
Preparation of nuclei-rich fractions essentially followed the procedure of Flores and Semancik (1) with Polytron-homogenized G. aurantiaca tissue being filtered through 40-pm nylon cloth and the 1000 x g for 10 min pellet treated with Triton X-100. Final nuclei-rich preparations, which contained intact nuclei as well as chromatin mats as observed by acetocarmine staining and light microscopy, were assayed for 2 hr at 30'C under the following standard conditions unless otherwise indicated [10 mM Tricine/NaOH, pH 8 RNA polymerase activity associated with nuclei-rich preparations was determined by spotting aliquots of the reaction mixture onto Whatman GF/C discs (1). The nucleic acid species contained in the remainder of the assay mixture were extracted and analyzed as previously noted (1) with the modification that the viroid band was removed from native gels (8) , placed onto a second gel containing 8 M urea, and electrophoresed under fully denaturing conditions (9) . With this procedure a more definitive separation of viroid-related molecular forms is achieved, resulting in cleaner autoradiographs.
RESULTS
Temperature Optimum and the Kinetic Relationship Between CEV Circular and Linear Forms. The nuclei-rich preparation capable of producing labeled CEV (1) must be considered as a heterogeneous fraction composed of not only RNA-synthesizing but also RNA-degrading activities. Therefore, the temperature optimum for polymerase activity may not necessarily be consistent with the temperature of maximum recovery of the specific viroid RNA product. (Fig. 2D , lanes 4 and 6-8), the similar sizes suggest common semistable viroid-related products.
The cell-free CEV-synthesizing system might be characterized as a progression of stages with increasing incubation time. Good viroid synthesis fidelity seems to occur during about the first 3 hr of incubation, and this is followed by evidence of increasing product heterogeneity (3) (4) (5) (6) hr) and finally by a decaying system (6- (10) . The optimum Mn2+/Mg2' activity ratio has also been used to discriminate among the properties of purified nuclear RNA polymerases (11) . Total [32P]CMP incorporation was optimal for the nuclei-rich RNA-synthesizing system at 1 mM Mn2+ and 10 mM Mg2+ (Fig. 4A) . The Mn2+/Mg2' activity ratio at the optimal concentration of each ion was about 1.5, suggesting the principal action of RNA polymerase I-and/or III-like activity.
CEV RNA synthesis activity displayed a dramatically different divalent metal cation profile. In the absence of all other divalent cations, the optimum Mg2+ concentration was 1-10 mM (Fig. 4B) by 90% (Fig. 4C) . These properties are atypical of all wellcharacterized nuclear RNA polymerases as well as of plant RNA-directed RNA polymerase activity (10, 11).
Ionic Strength and the Response to a-Amanitin Inhibition.
Viroid synthesis in both protoplasts (12) and cell-free extracts (1) has been shown to be sensitive to inhibition by aamanitin. A similar inhibition of in vitro transcription of viroid RNA by purified RNA polymerase II has also been reported (4). Since cells may not be freely permeable to aamanitin, making intracellular concentrations difficult to determine, and our previous report (1) presented evidence for a trace level of CEV synthesis even at high a-amanitin concentrations (10-1000 nM), these data may conceal a lowlevel RNA polymerase I-and/or III-like activity. Therefore, total [32P]CMP incorporation and CEV synthesis was monitored in the presence and absence of a-amanitin and as affected by ionic strength.
The broad optimum of (NH4)2SO4 concentration, ranging from 0 to 100 mM, for total [32P]CMP incorporation is shown in Fig. 5A . The biphasic nature of the response over these concentrations might be expected for combined RNA polymerase I-and Il-like activities (11) . Preincubation of the reaction mixtures with a-amanitin at 4 ,gg/ml did not completely reduce the total incorporation (Fig. SB) .
In the absence of a-amanitin, maximum CEV synthesis was observed in an (NH4)2SO4 range of about 25-75 mM (Fig. SC) , characteristic of purified RNA polymerase 11 (10) . Additional support for the action in viroid synthesis of polymerase Il-like activity is provided by the marked inhibition of CEV synthesis by a-amanitin (4 ,ug/ml) (Fig. SD) . This inhibition, however, is not complete since a trace level of CEV synthesis can be observed in the presence of a-amani- Insensitivity of CEV synthesis to high concentrations of Mn2+ is unlike all known nuclear polymerases but is suggestive of the reduced template specificity of Q8 replicase in the presence of Mn2+ (14) . Therefore, although one might be inclined to think in more exclusive terms of RNA polymerase I-and/or III-like or RNA polymerase IT-like activities when considering viroid replication, the action of a minor yet distinct RNA-synthesizing system must still be entertained. Reports of atypical polymerase activities such as a-amanitinsensitive polymerase I activity (15) , electrophoretic variants of polymerase II, and rRNA-encoding DNA transcription by polymerase 11 (16) Alternatively, the properties we have described here may simply reflect a process involving a total lack of polymerase specificity, with all nuclear polymerases competent in transcribing a truly unusual RNA structure. Since RNA polymerase II exists in the highest concentration in vivo and is potentially most available in the nucleoplasm, it may emerge as the polymerase of choice for CEV synthesis. That is not to say that, provided an increased availability of polymerase I or sufficient concentrations of polymerase III, these enzymes might not also function in viroid replication. The existence of common subunits in all three forms of nuclear RNA polymerases (19) may also suggest a core activity capable of recognizing specific regions of the viroid RNA. Testing the efficacy of purified polymerase I, II, and III with a viroid template in vitro might contribute to the resolution of this question.
